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Comprehension of radiation effects in materials is still not totally well known. The combination of specific
experiments and computational simulations is necessary to clarify the mechanisms of irradiation damage. Also it is 
one of the best strategies to carry out reliable bases for the development of correlations that will be able not only to
provide trends that nuclear materials in operation are expected to follow, but also to guide the design of reactor 
components (DEMO) and properly guarantee their safety, maintenance and operational life. Main candidates as 
structural materials for future fusion reactors include: Austenitic Stainless Steels, Reduced Activation 
Ferritic/Martensitic (RAFM) steels: EUROFER, EUROFER ODS (9% Cr), ODS Ferritic Steels (12-14% Cr), W and 
W alloys, Cu alloys, V and V alloys.
Low-temperature resistivity measurements represent one of the few techniques that allow “in-situ” and indirect 
evaluation of radiation effects in the atomic lattice of metallic materials as well as validation of multiscale modeling
simulations. This work highlights the potential of such technique to study damage processes and reveals the interest
of the fusion materials scientific community specifically for radiation effects modelling and experimental validation.
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1. Introduction 
Development of conceptual and quantitative framework to approach the technological problem in 
fusion (and in GEN-IV fission reactors) requires understanding of fundamental processes of radiation 
damage in materials, in order to be able to not only to guide the design but also to make predictions on the 
performance, maintenance and life-time of these materials under operating conditions in future reactors. 
To accomplish this approach, computing simulations are fundamental tools used nowadays for 
understanding and predicting radiation effects. Given that the damage production and its evolution are by 
nature multiscale phenomena, computing simulations need to provide multilevel analysis which spans 
from atomistic to continuum approaches, therefore different codes and models are required in combination 
with well-designed validation experiments. Low-temperature resistivity techniques can be applied to 
design such kind of experiments.  
Structural materials of future fusion reactors will be exposed to a particularly hostile environment as a 
consequence of the intense radiation created during the nuclear reaction. The hot plasma will generate a 
high -energy neutrons, gamma radiation and particles, which will affect not only the materials 
of the more distant equipments such as diagnostic and plasma heating systems. 
This radiation, via atomic displacement phenomena and ionizing processes, will produce a number of 
defects in the structure of the materials, affecting their physical properties at different scales. In addition, 
the nuclear reactions induced by the neutrons will generate transmutation products (impurities) that may 
modify the material, change the physical properties, and therefore, affect their reliability as structural 
materials. The high temperatures and the intense magnetic  
Thereby it seems clear that the study of materials performance under neutron irradiations is a major need 
for successful development of such materials.  
Neutron irradiations of materials in reactors are expensive, time-consuming and difficult to realize. 
Therefore surrogation of the damage using ion and even electron irradiation has been widely used. 
Although it is not necessarily equivalent to the neutron damage effect, these experiments have the power 
to put in evidence physical processes allowing the progress of the existing models and basic 
understanding. 
Low-temperature resistivity techniques can feed and validate simulations at different levels. The 
resistivity of the metallic materials shows a correlation with defect concentration, purity degree and 
ordering of the solutes in the case of alloys. These features allow the experimental study of fundamental 
damage processes and evolution and kinetic of defects after annealing. This article is an overview of the 
advantages and properties of the resistivity techniques applied to the study of damage in fusion materials. 
Specifically, the use of Radiation Induced Resistivity (RIR) and Resistivity Recovery (RR) are 
summarized.  
  
Nomenclature 
DEMO Demonstration fusion reactor  
FD Frenkel defect 
FP Frenkel pair 
kMC Kinetic Monte-Carlo 
ODS Oxide Dispersion Strengthen 
PKA Primary Knock-on Atom 
RAFM Reduced-activation ferritic/martensitic 
RIR Radiation induced resistivity 
RT Rate Theory 
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SRO Short range order 
2. Damage Evaluation by Radiation Induced Resistivity (RIR) 
Low-temperature resistivity measurements technique for studying irradiated metallic materials allows 
“in-situ” evaluation of radiation induced damage in the atomic lattice. The resistivity at cryogenic 
temperature increases with the irradiation dose (neutron, ion or electron) by creating new defects. This is 
very useful to quantify the amount of defects created in materials in very different conditions. The study 
of RIR is an indirect sensor to interpret the radiation processes and defect production efficiency as a 
function not only of the dose but also of the fluence or the nature of the incident particle. This section will 
provide a review of these applications. All the irradiations in the experiments described as follow, have 
been performed with electrons, given that, in the range of studied energies, they only prduce spatially 
separated single Frenkel pairs (FP). 
 
One interesting application of low-temperature resistivity measurements is the study of the threshold 
energies in the main crystallographic directions of different metals of interest for nuclear energy 
environments. Table 1 shows the experimental values of such energies for W and Fe obtained by Maury 
et al in the 70’s [1,2]. These results were obtained by relating the minimum electron incident energy that 
was necessary to create damage with the maximum energy of the primary knock-on atom (PKA). 
 
Table 1. Threshold energies (eV) derived for principal crystallographic directions. Last column indicates Frenkel Pair (FP) 
resistivity  
Material <100> <110> <111> FD 
W [1]  42 ± 1 40 dmin 44 ± 1   12.5 
Fe [2]  17 ± 1  20 ± 1.5 30 
 
Typically the low temperature resistivity increase ( ) is measured as a function of the fluence. At 
low-dose regimes single defect pair production takes place leading to a linear increase in resistivity which 
depends on FP resistivity ( FP), defect production cross- D
 
) and fluence 
Eq. (1):  
DFD   (1) 
At high dose regimes increase in resistivity is no longer linear because of superposition of displacement 
cascades. Thus, defect production curve can be analyzed by adding a recombination term which includes 
the spontaneous recombination volume (v0
 
). In this case RIR can be experimentally fitted to Eq. (2) [3] :  
D
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v 00
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By fitting the damage curves as a function of the fluence, Dexp and v0 can be 
obtained and compared with theoretically calculated defect production cross- Dtheor
 
 (where it is 
assumed that the energy transferred from an incident particle to target atoms though elastic interactions is 
used for defect production, as in NRT model [3]). This is of paramount importance for future evaluation 
of damage in different materials and under very different particles spectra.  
When irradiating with different types of incident particles (electrons, protons, neutrons or heavy ions) 
PKA energy spectrum is going to be different. Kinetic energy of PKAs is namely going to be transferred 
to the lattice by elastic collisions and electronic excitations. Damage efficiency is described in Eq. 3 as a 
D
exp Dtheor
theor
D
D
exp
  
  (3) 
This efficiency can be estimated by RIR for different types of incident particles and results exist for 
example in iron [4], Chimi et al. observed that damage efficiency decreases as mean energy of PKA 
increases. These studies of fundamental radiation damage processes based on damage rate measurements 
revealed sub-threshold recombination effects and that irradiation annealing increased with the mass of the 
incident particle.  
 
3. Study of Defect Kinetics through Resistivity Recovery (RR) 
Once the irradiation is produced and the damage created, when the sample undergoes a step annealing 
process, most defects recombine and its residual resistivity is able to recover close to its original value. 
The peaks observed in the RR curve supply important information on the mobility, recombination, 
clustering or dissociation effects of the created lattice defects. This experimental technique has been 
successfully used in the past for the study of kinetic mechanisms of simple defects in pure single metals. 
For instance it helped to reveal that Cu interstitials, among others, migrate at very low temperatures 
below 60 K [5].  
 
  In the C.C. Fun et al. and C.J. Ortiz et al. [6,7] studies, a good agreement between computational 
simulations and experiments has been achieved, in the case of pure Fe, where Ab-initio, kMC and RT 
methods have been combined to simulate realistically isochronal RR experiments of electron irradiated 
Fe. Peaks corresponding to FPs correlated recombination and the free migration of interstitials, vacancies 
and cluster of them, have been identified, associating to these mechanisms different migration energies. 
Nevertheless these models do not take into account yet that microstructure effects (grain size, impurity 
content and dislocation densities) might play a role in the RR spectrum.  
 
In concentrated Fe-Cr alloys, which represent the base of RAFM, scientific community is facing more 
complex systems with more variety of defects (e.g. many different dumbbell configurations) with 
different binding energies, thus theoretical study and interpretation of experimental results is going to be 
much more complicated. An example of the effects of Cr in the defect dynamics with respect to pure Fe, 
is that the trapping effect of Cr [8,9] has increased free migration energies of Fe-Cr dumbells changing 
consequently the appearance of the RR curves. Moreover in substitutional bcc alloys typically electrical 
RR data consist of two inseparable parts, one resulting from defect annihilation and the other from short-
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range order (SRO) effects. Behavior of SRO parameters in metallic alloys can be characterized by thermo 
mechanical treatments (normally at moderate to high annealing temperatures); this indicates tendency of 
the impurities to spread or to clusterize as a function of the Cr concentration for Fe-Cr alloys [10]. This 
SRO effect, induced by the long range migration of defects in binary alloys cannot be easily distinguished 
by conventional RR analysis methods and new approaches to data analysis of such two component RR 
have been proposed by Nicolaev [11]. Nevertheless up to date no method has been found to quantitatively 
measure it. Consequently, understanding of defect kinetics in Fe-Cr is still a topic that needs further 
investigation. 
The Fusion Materials Unit of CIEMAT (Centro de Investigaciones Energéticas Medioambientales y 
Tecnológicas) in collaboration with CMAM is developing a new set up for performing RR measurements 
on ion-irradiated base RAFM alloys, and particularly focused on the study of Fe and Fe-Cr alloys, The 
aim of using ion irradiation instead of electrons is to approach the effect of neutrons. Ion irradiations at 5 
MeV which are going to be performed at CMAM still will produce a similar damage than that of 
electrons in the samples (i.e. single FP) but also the mean energy of the PKA spectrum is going to be 
higher, leading to a different initial distribution of defects which might also influence the shape of the RR 
spectra. The system developed consists of a continuum flow cryostat coupled at the end of one of the lines 
of the 5 MV Tandetron accelerators.  The sample holder placed at the end of the cold finger of the 
cryostat is holding the temperature control, heating and electrical resistivity measurement systems which 
are necessary to carry out the RR measurements. The minimum temperature reached on the ~50 μm 
sample is 20 K and the accuracy of resistance measurements is 10-7
 
 while applying 100 mA (±0.1%). 
The system is still under development and hopefully it will be ready by the end of the year.  
4. Summary 
Radiation Induced Resistivity (RIR) and Resistivity Recovery (RR) measurements can provide wide 
and very useful information that provides fundamental knowledge of radiation effects and defect kinetics 
in simple metals and alloys. Such information is required to feed computing simulations which are trying 
to model the materials for fusion and fission applications. Both techniques have been used in literature to 
select main candidate materials for Demonstration Fusion Reactor (DEMO).  
 
4.1. RIR 
 Characterization of threshold energies in fcc, bcc and hcp. 
 FD
 Damage efficiency and recombination effects as a function of incident particle (type and E). 
 in single and binary alloys. 
 
 
4.2. RR 
 Defect kinetics in pure metals and study of its dependencies as a function of incident particle (E, type, 
dose), crystal structure, material microstructure (impurity content, grain size and dislocation density). 
 Defect kinetics in binary alloys may reveal very different behavior than pure metals due to intrinsic 
properties of alloy forming metal (magnetic properties and size effects). 
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CIEMAT and CMAM are investing great human and economic efforts to develop a RR system to study 
the base RAFM alloys in order to extent the knowledge of defect kinetics and short range ordering 
contributions to the low temperature resistivity measurements. 
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